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ABSTRACT 
A wind-tunnel investigation of tiltrotor whirl-flutter stability boundaries has been conducted on a 1/5- 
size semispan tiltrotor model known as the Wing and Rotor Aeroelastic Test System (WRATS) in the 
NASA-Langley Transonic Dynamics Tunnel as part of a joint NASA/Army/Bell Helicopter Textron, Inc 
(BHTI) research program. The model was first developed by BHTI as part of the JVX (V-22) research 
and development program in the 1980’s and was recently modified to incorporate a hydraulically-actuated 
swashplate control system for use in active controls research. The modifications have changed the model’s 
pylon mass properties sufficiently to warrant testing to re-establish its baseline stability boundaries. A 
parametric investigation of the effect of rotor design variables on stability was also conducted. The model was 
tested in both the on-downstop and off-downstop configurations, at cruise flight and hover rotor rotational 
speeds, and in both air and heavy gas (R-134a) test mediums. Heavy gas testing was conducted to quantify 
Mach number compressibility effects on tiltrotor stability. Experimental baseline stability boundaries in air 
are presented with comparisons to results from parametric variations of rotor pitch-flap coupling and control 
system stiffness. Increasing the rotor pitch-flap coupling (53 more negative) was found to have a destabilizing 
effect on stability, while a reduction in control system stiffness was found to have little effect on whirl-flutter 
stability. Results indicate that testing in R-134a1 and thus matching full-scale tip Mach number, has a 
destabilizing effect, which demonstrates that whirl-flutter stability boundaries in air are unconservative. 

INTRODUCTION 

Tiltrotor aircraft offer the benefits of the cruising speed 
and range of a conventional fixed-wing turbo-prop aircraft 
and the vertical lift capabilities of a helicopter. These 
benefits are accomplished by employing tilting engine py- 
lons at  the wing tips that drive large diameter proprotors 
providing both vertical lift in helicopter mode and propul- 
sive thrust in cruise mode. A typical tiltrotor can fly 
twice as fast and several times further than a conventional 
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helicopter, since tilting the proprotors such that they act 
as thrusting propellers avoids the adverse aerodynamic 
effects of helicopter advancing blade compressibility and 
retreating blade stall. However, limits are imposed on 
the maximum forward speed of tiltrotor aircraft by an 
aeroelastic instability known as whirl flutter. 

Consider a flexibly-mounted propeller/nacelle combi- 
nation with rigid, non-flapping blades in which the pitch 
and yaw motions are coupled due to gyroscopic forces. 
When perturbed, the system exhibits stable gyroscopic 
precession in the absence of aerodynamic forces. If the 
same propeller/nacelle system is immersed in axial flow 
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and perturbed, aerodynamic loads in addition to propul- 
sive thrust are generated by the precession of the pro- 

sical whirl-flutter instability of the backward-whirl mode 
These loads provide the mechanism for the clas- 
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(Refs. 1 and 2). The fundamental cause of tiltrotor whirl 
flutter is the same as that for propeller/nacelle whirl- 
flutter, namely, the aerodynamic loads generated by pre- 
cession. However, because of the additional flapping de- 
gree of freedom introduced by the tiltrotor’s gimballed 
hub, the manner in which the precession-generated aero- 
dynamic loads act on the pylon/wing, and hence promote 
whirl flutter, is significantly different from that of classi- 
cal propeller/nacelle whirl flutter. These differences have 
been thoroughly examined by Kvaternik in Ref. 3. Past 
studies have shown that tiltrotor whirl-flutter stability is 
not only effected by pylon mount stiffness and damping, 
but also the many rotor system design parameters as de- 
termined by wind-tunnel and analytical investigations on 
the Bell XV-3 tiltrotor configuration (Refs. 4 and 5). 
Because of the many rotor and wing parameters which 
affect tiltrotor dynamics, testing of aeroelastically-scaled 
wind-tunnel models has proven to be an effective method 
of providing researchers and designers with experimen- 
tal data on specific tiltrotor configurations. This data is 
essential for validation of analytical predictions of whirl 
flutter, loads, and vibration. 

Tiltrotor aeroelasticity has long been a subject of at- 
tention for researchers at NASA-Langley’s Transonic Dy- 
namics Thnnel (TDT). Whirl-flutter stability and dy- 
namics of aeroelastic tiltrotor models such as the Bell 
Model 266, Bell Model 300, and the Grumman Helicat 
were extensively investigated during testing a t  the TDT 
(Refs. 6 and 7). The effects of pitch-flap coupling, flap- 
ping hinge offset, wing/pylon natural frequencies, wing 
aerodynamics, and altitude were identified. Langley- 
developed whirl-flutter analytical predictions were shown 
to be in agreement with the measured stability and re- 
sponse behaviors of these wind-tunnel models (Refs. 8 
and 9). 

In 1984, during development of the JVX tiltrotor de- 
sign (later to become the V-22), a Bell-Boeing and NASA- 
Army team conducted two wind-tunnel tests on a semi- 
span aeroelastic model at the TDT to provide experimen- 
tal data to guide design efforts and validate analytical 
methods. The first TDT entry was a broad-based study 
of the JVX preliminary design in which baseline stabil- 
ity and loads data were defined and the impact of wing 
stiffness, control system stiffness, pitch-flap coupling, and 
other parameters were determined for the validation of 
analytical methods. A gimballed, rigid hub was evalu- 
ated and whirl-flutter instability conditions of this config- 
uration were found to be significantly lower than design 
requirements. Also, parametric studies confirmed that 
pitch-flap coupling is destabilizing and increasing control 
system stiffness is stabilizing to whirl flutter for this con- 
figuration (Refs. 10 and 11). These results helped guide 
subsequent JVX design efforts to improve aeroelastic sta- 

bility. 
The second JVX test at the TDT was conducted to 

evaluate stability boundaries of the model in a configu- 
ration that better represented the then current full-scale 
design. Model updates included wing stiffness changes, 
pylon mass changes, stiffened blades, and the inclusion of 
a stiff in-plane, offset coning-hinge hub designed to sim- 
ulate the proposed coning flexure of the full-scale design. 
The full-scale coning flexure and model-scale coning hinge 
were intended to relieve the steady blade bending deflec- 
tions to thus reduce the destabilizing effect of positive 
blade pitch-lag coupling (lag back, pitch up) as shown an- 
alytically in Refs. 12 and 13 for a stiff in-plane hub. Also, 
due to the presence of the offset coning-hinge, the effec- 
tive magnitude of pitch-flap coupling was reduced which 
had a stabilizing effect on whirl flutter. The results of 
the second test demonstrated that the stiff in-plane, off- 
set coning-hinge hub significantly improved the aeroelas- 
tic stability over the baseline rigid hub (Refs. 10 and 11). 
However, no parametric studies of control system stiffness 
or pitch-flap coupling were performed on the coning-hinge 
configuration. 

During later JVX fullspan and semispan aeroelastic 
model testing at other wind-tunnel facilities, the stiff in- 
plane hub’s coning-hinge became a flexbeam structure to 
more closely model the full-scale coning flexure. Again, 
however, no parametric studies of pitch-flap coupling or 
control system stiffness were carried out on the flexbeam 
configuration. Since this series of wind-tunnel tests, there 
have been no experimental studies showing the effects of 
important rotor design variables on a gimballed, stiff in- 
plane hub having a coning flexure. Analyses discussed 
in Refs. 12 and 13 indicate that pitch-lag coupling has 
a significant effect on tiltrotor whirl-flutter stability, and 
is affected by rotor design parameters. Therefore, re- 
sults from previous parametric studies for a rigid hub can 
be expected to be different for the coning-flexured hub 
configuration. 

Since 1994, a joint Army/NASA/Bell Helicopter Tex- 
tron Incorporated (BHTI) team has conducted a vari- 
ety of wind-tunnel and hover tests of a 1/5-size semispan 
tiltrotor model aimed at addressing aeroelastic technical 
areas that have the potential for enhancing the civil and 
military viability of tiltrotor aircraft. The tiltrotor model 
is known as the Wing and Rotor Aeroelastic Test Sys- 
tem (WRATS) and is a modified version of the semispan 
JVX/V-22 aeroelastic model described in Ref. 11. Re- 
search conducted with this model has included testing of 
a composite-tailored wing to extend the tiltrotor stability 
boundary (Refs. 14 and 15), tiltrotor vibration reduction 
via higher harmonic control (Refs. 16 and 17), and active 
control of ground resonance for a soft in-plane tiltrotor 
(Ref. 18). 



Modifications have been made to the WRATS model 
which have changed the pylon mass properties from those 
of past aeroelastic stability studies. These modifications 
include the replacement of the original electric motor- 
driven swashplate control system with one that employs 
high-bandwidth hydraulic actuators for the application of 
active controls research. Hydraulic servovalves and as- 
sociated electronic components have also added mass to 
the pylon. While attempts have been made to maintain 
the frequencies and mode shapes of the original model 
configuration, the changes in pylon mass properties have 
had an impact on WRATS frequencies and mode shapes. 
These changes are sufficient enough to warrant testing of 
the WRATS model to re-establish its baseline stability 
boundaries. 

This paper will present experimental results from re- 
cent testing of the WRATS model in the TDT which de- 
fine the whirl-flutter stability boundaries for the current 
model configuration. The impact of compressibility ef- 
fects on these boundaries will be addressed by testing the 
model in a heavy gas test medium. Since the WRATS 
gimballed, stiff in-plane hub possesses a coning flexure, a 
limited parametric study will be presented showing the 
effects of the variation of pitch-flap coupling and control 
system stiffness on the whirl-flutter stability boundaries 
of a flexured hub. Until now, these effects had only been 
determined experimentally for the rigid hub JVX config- 
uration. 

TEST APPARATUS 

Wind Tunnel Description 

The NASA-Langley Transonic Dynamics Tunnel is 
a closed-circuit, continuous-flow, variable-pressure wind 
tunnel with a 16-ft square test section with cropped cor- 
ners and several features that make it an ideal facility 
for conducting tests of aeroelastically-scaled wind-tunnel 
models (Ref. 19). The TDT can be operated up to 
Mach 1.2 at pressures from near vacuum to atmospheric 
and in either air or heavy gas (R-134a) test mediums. 
Due to the high-risk nature of aeroelastic model testing, 
several unique features of the TDT have been specifically 
designed to reduce risk so as to protect the model from 
destruction and also protect the facility from damage due 
to model debris. These features include a bypass valve 
system which quickly decreases airspeed in the test sec- 
tion in the event of an aeroelastic instability, large con- 
trol room windows for viewing models in the test sec- 
tion, and a tunnel drive fan protection screen designed 
to prevent model debris from damaging the fan blades. 
Whirl-flutter testing at the TDT is typically conducted 
at atmospheric pressures in air or at reduced pressures in 
R-134a gas such that sea-level air density is attained. 

Figure 1: WRATS wind-tunnel model in TDT. 

Model Description 

The WRATS model is a semispan 1/8size 
aeroelastically-scaled tiltrotor model that is a derivative 
of the JVX/V-22 aeroelastic model designed and built 
by BHTI described in Ref. 11 and is shown mounted in 
the TDT test section in Fig. 1. The WRATS model 
possesses an aeroelastically-scaled (stiffness, mass, and 
shape) wing and rotor system, a dynamically-scaled 
(mass and shape) pylon, and a geometrically-scaled 
(shape only) fuselage which together were designed to 
match Froude, Lock, and Strouhal numbers when oper- 
ating in air, and Froude, Lock, Strouhal, and blade Mach 
numbers when operating in a heavy gas test medium 
at reduced pressures. The wing structure consists of 
a composite box-beam spar with aluminum stiffeners 
to which aerodynamic panels and support structure for 
the transmission drive shaft and flaperons are attached. 
The wing is cantilevered to a truss-mounted “splitter 
plate” which places the rotor near the tunnel centerline 
and reduces wall boundary layer effects. The base- 
line pylon hardware consists of an 84-deg gearbox to 
accommodate pylon tilting, a transmission and mast, 
simulated infrared suppressor and engine weights, and 
built-up frame with an aerodynamic fairing. The orig- 
inal electro-mechanically actuated control system was 
replaced with a hydraulically-actuated control system 
for the purpose of supporting active controls research. 
The transmission, gear-box, and mast components are 
essentially rigid over the range of model frequencies of 
interest. 

The pylon is mounted to the wing at the conversion 
axis and is free to rotate about this axis for testing in 
both hover and cruise-flight modes. A downstop spring 
also attaches the pylon to the wing and simulates the stiff- 
ness of the pylon conversion actuator in the locked and 



unlocked configurations, which are referred to as the on- 
and off-downstop configurations. During pylon conver- 
sion from hover to cruise flight, the pylon possesses the 
stiffness of the conversion actuator only. When the pylon 
is fully converted to cruise flight mode, the pylon is locked 
onto the downstop which allows less pylon/wing flexibil- 
ity. The pylon downstop spring stiffness has a large in- 
fluence on the separation of the wing beam and torsion 
natural frequencies and the shapes of the corresponding 
modes, and thus has a major effect on whirl-flutter sta- 
bility. 

The stiff in-plane, 7.6-ft diameter, 3-bladed rotor sys- 
tem consists of aeroelastically-scaled rotor blades at- 
tached to a gimballed hub by a composite flexure that 
allows rotor coning under load and includes 2.5 degrees 
of precone. The hub flexures contain pitch bearings at 
each outboard end to allow the blade cuffs to freely ro- 
tate when trailing-edge pitch links are translated up or 
down by the swashplate. The rotor can be powered by a 
19-HP electric motor for hover testing or it can windmill 
in cruise-flight mode in the wind tunnel. To reduce tran- 
sient blade flapping and avoid a flap-lag instability, the 
rotor pitch-flap coupling, or 63, for the baseline WRATS 
model is -15 degrees. For positive 63, blade pitch de- 
creases as the blade flaps up. The scaled rotor blades 
are highly twisted, with a non-linear twist distribution 
(nose-down) of 47.5 degrees from root to tip. 

The WRATS model is highly instrumented to provide 
loads, stability, and rotor dynamics information. Such 
instrumentation includes pylon and wing accelerometers; 
blade, wing, mast, pitch link, and hub loads via strain 
gages; rotor flapping via an angular displacement trans- 
ducer; and swashplate position and orientation via trans- 
lational displacement transducers. However, for the pur- 
pose of discussing whirl-flutter stability test results, only 
the wing bending and torsion moment strain gage data 
will be presented. The wing bending loads are measured 
by three full-bridge strain gages that consist of beamwise 
and chordwise gages located 17 inches from the wing root 
and a wing torsion strain gage bridge located 22 inches 
from the wing root. 

Model Vibration Characteristics 

A ground vibration test (GVT) was conducted with the 
model cantilevered to a backstop prior to testing in the 
TDT. Responses were measured at four locations in the 
pylon using bi-axial and tri-axial piezoresistive accelerom- 
eters and force inputs were measured using piezoelectric 
force transducers. A commercial data acquisition sys- 
tem and modal analysis software package were used to 
acquire and analyze the test data to determine the nat- 
ural frequencies and mode shapes of the wing and pylon 
structure. 

The model was tested in both the on-downstop and 
off-downstop configurations with the blades replaced with 
simulated blade weights and the gimbal flapping and rotor 
rotation locked out. Pylon accelerometer responses were 
measured while independent random force inputs were 
applied to the model at the trailing edge of the wing tip 
in the beamwise and chordwise directions to excite the 
fundamental wing/pylon modes of vibration consisting of 
beam, chord, and torsion modes, as well as the pylon yaw 
mode. Fig. 2 shows the WRATS model during ground 
vibration testing with the pylon and wing aerodynamic 
panels removed for clarity and identifies the coordinate 
system, response accelerometer locations, and excitation 
shakers. 

Table 1 and Figs. 3 through 5 present ground vibration 
test results for the WRATS model in the off-downstop 
configuration. Results for the on-downstop configura- 
tion of the WRATS model are presented in Table 2 and 
Figs. 6 through 8. Mode shape data in Tables 1 and 2 
represent interpolated mode shapes at  the rotor hub. For 
the off-downstop configuration, Fig. 3 illustrates the wing 
beam mode which exhibits both vertical and pitch motion 
of the pylon and Fig. 4 illustrates the wing chord motion 
which exhibits axial, yaw, and pitch motion of the pylon. 
Figure 5 illustrates the wing torsion mode as measured for 
the off-downstop configuration. Figure 6 illustrates the 
wing beam mode for the on-downstop configuration and 
reveals less pylon pitch motion when compared to the cor- 
responding mode for the off-downstop configuration (Fig. 
3). Since the wing beam mode is the dominant par- 
ticipant in whirl-flutter for this model’s characteristics, 
the decreased pitch motion will be shown to result in an 
increased stability boundary for the on-downstop configu- 
ration. For the on-downstop configuration, Fig. 7 shows 
the wing chord mode and Fig. 8 shows the wing torsion 
mode. The pylon yaw mode is presented in Tables 1 and 
2, and can be described as a second wing chord mode. 

Figure 2: WRATS model during ground vibration testing. 



Table 1: WRATS off-downstop interpolated mode shapes at the rotor hub 
Mode Frequency, Hz Damping, % x, in y, in z ,  in Qz, rad Qyl rad 

Wing Beam 5.43 1.5 3.69 0.01 0.14 0.016 0.102 
Wing Chord 8.11 1.28 0.28 -1.62 2.58 0.083 0.068 
Wing Torsion 10.54 1.51 -2.25 -0.43 0.39 0.054 -0.251 

Pylon Yaw 14.77 3.25 1.31 -3.36 0.12 0.072 -0.002 

Table 2: WRATS on-downstop interpolated mode shapes at the rotor hub 

Wing Beam 5.83 1.39 3.43 0.10 0.03 0.016 0.067 
Mode Frequency, Hz Damping, % z, in y, in z ,  in e,, rad Q,, rad 

Wing Chord 8.67 1.41 0.28 -0.99 2.13 0.058 0.043 
Wing Torsion 12.02 2.62 2.65 0.21 -0.34 -0.041 0.261 

Pylon Yaw 19.43 4.85 0.09 3.57 0.57 -0.170 -0.013 
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Figure 3: Off-downstop wing beam mode shape (5.43 Hz). Figure 5: Off-downstop wing torsion mode shape (10.54 
Hz) . 
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Figure 7: On-downstop wing chord mode shape (8.67 Hz). 
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Figure 8: On-downstop wing torsion mode shape (12.02 
Hz) . 

TEST PROCEDURES 

Whirl-flutter testing is conducted by experimentally 
measuring the subcritical damping and frequencies of the 
fundamental pylon/wing modes up to the airspeed at 
which the model becomes neutrally stable or unstable, i.e. 
exhibits zero or negative damping when excited. Damp- 
ing is determined by exciting the proper mode and ana- 
lyzing the appropriate wing strain gage time history. 

Because of the high-risk nature of whirl-flutter testing, 
WRATS test engineers rely on sever31 means to protect 
the model from overloading and destruction. As a whirl- 
flutter instability is approached, careful attention is paid 
to readouts of wing bending loads and the model is closely 
watched at  all times. At the first visual indication of a 
steady, large amplitude pylon response (neutrally stable) 

or a growing pylon response (unstable), rotor speed is re- 
duced, which is usually enough to stabilize the model. If 
the pylon motion becomes significant or if reducing ro- 
tor speed has little effect, the TDT's bypass valves are 
triggered, which greatly reduces tunnel airspeed and sta- 
bilizes the model. 

Prior to whirl-flutter testing, the rotor is tracked such 
that each blade tip travels in the same plane and is bal- 
anced such that the center of mass of the rotor is at, or 
very near to, the center of rotation to minimize l/rev vi- 
brations. Initial tracking is usually completed at reduced 
rotor speeds, depending on the amount of rotor unbal- 
ance, and is visually determined by darkening the model 
area and strobing the blade tips at 3/rev such that all 
three appear overlaid at approximately the same position. 
Blade tracking is adjusted by making minute incremen- 
tal changes to blade root pitch. When rotor tracking is 
acceptable, balancing the rotor can begin. Based on ob- 
servations of pylon vibration magnitude and phase data, 
lead tape is distributed to each blade tip leading edge 
to balance the rotor until the pylon vibration magnitude 
is within a threshold range (usually < 0.059). At that 
point, 100% rotor speed can be attained and the rotor 
tracking re-checked. Tracking and balancing is first ac- 
complished in the hover configuration in powered mode 
using an electric motor to drive the rotor and is then 
fine-tuned during initial wind-tunnel runs with the rotor 
windmilling. 

Following tracking and balancing of the rotor, whirl- 
flutter testing is conducted at constant tunnel airspeeds 
with the rotor windmilling in a "trimmed" state. The 
rotor is trimmed by a pilot using collective pitch to main- 
tain a desired rotor speed and cyclic pitch to zero ro- 
tor flapping. When the rotor is satisfactorily trimmed, 
the desired wing/pylon mode is excited (using methods 
described in the next paragraph) and the free decay re- 
sponse of the model is measured from which the damping 
at  the current airspeed and rotor rotational speed com- 
bination can be determined. Five or more repeat data 
records are acquired to reduce any bias in the measure- 
ments. Rotor rotational speed is then decreased by 10-15 
RPM, tunnel airspeed is increased to the next condition, 
and rotor rotational speed is slowly increased back to the 
nominal speed while the model is monitored for an insta- 
bility. Once at a trimmed condition at  the new tunnel 
airspeed, data are recorded and the process is repeated 
until an instability is observed, damping is sufficiently 
small (usually < 0.5% critical), or the maximum rotor 
collective pitch is reached. 

In previous WRATS tests in the TDT, pulse jets emit- 
ting a heavy gas were used to excite the WRATS model 
to provide the transient response data used to determine 
damping. This method was inefficient due to time re- 
quired to pressurize the pulse system and because testing 
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Figure 9: Typical wing beam bending moment time his- 
tory for damping determination. 

had to be stopped periodically to replenish the gas sys- 
tem. A new and very efficient method of exciting the 
WRATS model is now used which takes advantage of the 
high-bandwidth hydraulic actuators that were installed 
as part of an active swashplate control system. Cyclic or 
collective pitch “stick stirs” are applied to the swashplate 
at a specified frequency to excite a wing/pylon mode. 
These sinusoidal excitation commands are added with the 
steady pilot control commands before being sent to the 
actuators. In addition to amplitude and frequency of the 
stick stir, the length and rampup rate of the stick stir is 
varied as a means of controlling the degree of model exci- 
tation. Control of the stir is integrated into the WRATS 
data acquisition system’s graphical user interface (GUI) 
to facilitate the exciting of the model and the recording 
of data. When the model excitation is sufficient, a kill- 
switch is engaged that quickly ramps the stick stir to zero 
and allows the free decay of the model oscillation, as il- 
lustrated in Fig. 9. 

The excitation and free decay of the model is recorded 
by the WRATS data acquisition system (DAS) which is a 
64-channel multiplexed A/D system used to acquire and 
analyze model data. In addition to FFT and harmonic 
analysis capabilities, the WRATS DAS employs the mov- 
ing block and log decrement method for the determination 
of subcritical damping from the recorded time histories. 
The moving block method, which is described in Refs. 20 
and 21, is quite effective at determining the damping of 
a specific mode in the presence of other modes and signal 
noise. By analyzing the appropriate wing strain gage 
response, the damping of the mode of interest is easily 
and quickly determined. Using the GUI-driven stick stir 
and moving block methods, wind-tunnel test time is used 
very efficiently. 

TEST RESULTS 
Experimental damping and frequency measurements 

from the current WRATS configuration have been made 
in order to define its whirl-flutter stability boundaries. 
Results will be presented as graphs of modal damping 
and frequency versus tunnel airspeed. Graphs of wing 
beam mode damping indicate the point of zero damping 
(whirl-flutter boundary) for a given configuration. For 
all such figures presented, error bars indicate the standard 
deviation of repeat data points for a particular airspeed 
and configuration, and markers indicate the average of 
those same points. The standard deviation shown is pri- 
marily a reflection of wind-tunnel turbulence. Curve fits 
have been applied through the averages at each airspeed 
and extrapolated, where appropriate, to zero wing beam 
mode damping to indicate the neutral whirl-flutter sta- 
bility airspeed. For the WRATS model, the wing beam 
bending mode is the primary participant and indicator 
of whirl flutter and therefore warrants the greatest at- 
tention for this discussion. Typically, five or more data 
points have been acquired at each airspeed for averaging 
purposes to lessen the effects of tunnel turbulence. Past 
whirl-flutter tests have not typically acquired as many re- 
peat points (sometimes as few as one or two). A greater 
number of repeat points corresponds to higher confidence 
in the test results and the ”averaging out” of bias effects. 
The greater number of repeat data points acquired dur- 
ing recent WRATS tests is attributable to the stick stir 
method of excitation. 

The model was tested in the on- and off-downstop con- 
figurations at rotor rotational speeds of 888 revolutions 
per minute (RPM), 770 RPM, and 742 RPM. The 888 
RPM condition represents hover rotor speed, 742 RPM is 
the cruise flight rotor speed, and 770 RPM was a compro- 
mise to 742 RPM because of the proximity of the model’s 
torsional frequency to 742 RPM in the on-downstop con- 
figuration. The effect of pitch-flap coupling, control sys- 
tem stiffness, and test medium (R-134a versus air) on 
system damping was determined for the model configura- 
tions and test conditions discussed above. 

Baseline Stability Boundaries 

Figure 10 shows the wing beam mode damping and fre- 
quency trends versus tunnel airspeed for the off-downstop 
pylon stiffness configuration and steady rotor speeds of 
742 and 888 RPM. In Fig. 10, wing beam mode d a m p  
ing is shown to be zero (neutrally stable) at 88 knots for 
888 RPhl and is extrapolated to zero at 142 knots for 742 
RPM for this configuration. The wing chord mode (Fig. 
11) is highly damped for all airspeeds within the stable 
range of whirl flutter and will not be discussed further. 
Figures 10 and 11 show the decrease in wing beam and 
chord frequencies as tunnel airspeed is increased. 
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Figure 10: Off-downstop wing beam damping and fre- 
quency versus tunnel airspeed for the baseline configura- 
tion. 

The model wing beam damping and frequency versus 
tunnel airspeed for the on-downstop configuration are 
presented in Fig. 12 for 770 and 888 RPM. The pro- 
jected whirl-flutter instability conditions for this configu- 
ration are shown to be 155 knots for 888 RPM and 187 
knots for 770 RPM. Figure 13 summarizes the current 
WRATS stability boundaries for the on- and off-downstop 
configurations. The observed increased stability of the 
on-downstop configuration is due to the decreased par- 
ticipation of pylon pitch motion in the wing beam mode. 
The on-downstop configuration represents a pylon locked 
on the downstop which is more stiff when compared to 
the off-downstop configuration that represents only the 
pylon conversion actuator stiffness. This increased py- 
lon mount stiffness results in greater separation of the 
wing beam and torsion modes, less participation of pylon 
pitch motion in the beam mode, and therefore a higher 
whirl-flutter stability boundary. 

Effect of Reduced Control System Stiffness on 
Whirl-Flutter Stability 

In Refs. 12 and 13, the blade torsion dynamics asso- 
ciated with positive pitch-lag coupling (lag back, pitch 
up) were analytically shown to have a destabilizing influ- 
ence on whirl-flutter stability boundaries for a rigid rotor 
hub and the pitch-lag coupling was shown to be affected 
by control system stiffness and rotor coning. Since the 
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Figure 11: Off-downstop wing chord damping and fre- 
quency versus tunnel airspeed for the baseline configura- 
tion. 

presence of a flexured hub has an effect on the coning 
characteristics of a tiltrotor, results from previous control 
system stiffness studies for a rigid hub can be expected to 
be different for the present WRATS coning-flexured hub 
configuration. In this section, the effects of control sys- 
tem stiffness on whirl-flutter stability for a flexured-hub 
tiltrotor configuration will be presented. Appendix A 
discusses in detail the pitch-lag dynamics of a rigid and 
flexured hub tiltrotor. 

To assess the effects of control system stiffness on stabil- 
ity, modified pitch horns which connect to the pitch links 
and blade cuffs were manufactured with reduced stiffness 
while maintaining the identical geometry of the baseline 
pitch horns. The control system stiffness (Ck) was mea- 
sured with the model in the hover configuration, blades 
off, and with nominal hydraulic system pressure. Fig- 
ure 14 shows the results of these measurements. The 
softened pitch horns are shown to reduce the control sys- 
tem stiffness by more than 50 percent which, according 
to past rigid hub analyses, should increase the degree of 
pitch-lag coupling and reduce whirl-flutter stability. The 
rigid-body pitch mode of the blade on the hub due to 
control system flexibility was measured to be 95.6 Hz for 
the baseline control system stiffness. 

Experimental results in Fig. 15 present the wing beam 
mode damping for the baseline (previously presented in 
Fig. 10) and soft control system for the model in the off- 
downstop configuration at  742 and 888 RPM. Wing beam 
mode frequency is also presented in Fig. 15 for the soft 
control system. The reduced control system stiffness is 
shown to have little effect on wing beam mode damping at  
742 RPM while an increase in beam damping is observed 
at 888 RPM. The latter behavior is contrary to published 
analytical (Refs. 12 and 13) and experimental (Refs. 10 



3.5 

3.0 

2 2.5 

b 2.0 
&? 
6 1.5 

.z 1.0 

n 0.5 

- 
.e * 1- 

E 

z 
0.0 

-0.5 

900 
2 8 8 0 . .  
2 860.. 1 840-. 

820-.  
6 800 
e! 780.. 

760 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

.. 

- .  

.. 

1 70 90 110 130 150 170 190 

x5.5 

a 
.* . 

I& 

u 
5 5.0 
$ 4 5  

2 6.0r. .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . .  ; .  . . .  .:. . . .  .:. . . . .  

. . . . .  : .  . . .  .:. . . .  .:. . . .  . ; .  . . .  : .  . . .  . .  

c4 4.0 I 
50 70 90 110 130 150 170 190 

Velocity, kts 

Figure 12: On-downstop wing beam mode damping and 
frequency versus tunnel airspeed for the baseline config- 
uration. 

and 11) results for a rigid hub. For the on-downstop 
model configuration, Fig. 16 presents wing beam mode 
damping and frequency for the baseline (previously pre- 
sented in Fig. 12) and soft control system configuration. 
In Fig. 16, the control system stiffness is not shown to 
have a significant impact on wing beam mode damping at 
either 770 or 888 RPM for the on-downstop configuration. 
Testing at 770 RPM for this configuration was halted at 
130 knots due to the upper collective limit for the soft 
control system. While past studies have shown that de- 
creasing control system stiffness has a destabilizing effect 
on the stability of a rigid hub, the results of the present 
study suggest that the effect of control system stiffness 
on pitch-lag coupling and whirl-flutter stability is greatly 
reduced by the presence of a flexured hub. 

Effect of Pitch-Flap Coupling on Whirl-Flutter 
Stability 

Pitch-flap coupling is an effective means of reducing the 
flapping response of a tiltrotor without adversely effect- 
ing blade loads. The use of pitch-flap coupling moves the 
flapping natural frequency away from the resonant con- 
dition of a gimballed rotor with zero hinge offset. This 
kinematic coupling is applied through the orientation of 
the blade pitch link with respect to the flapping hinge or 
hub gimbal and causes an increase in blade pitch as the 
blade flaps up for positive pitch-flap coupling (negative 
63). This incremental change in blade pitch due to blade 
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Figure 13: Whirl-flutter stability boundaries for the base- 
line configuration. 
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Figure 14: Baseline and soft control system stiffness ver- 
sus collective angle. 

flapping causes an aerodynamic flapping moment which 
changes the flapping natural frequency without changing 
the stiffness of the blade flapping restraint. While reduc- 
ing the flapping response of a tiltrotor during maneuvers, 
positive and negative magnitudes of 63 are destabilizing 
for whirl-flutter stability and too much positive 63 can 
lead to blade flap-lag instability (Ref. 22). 

The effective 63  of the rotor system is reduced due to 
the presence of the flexured hub which affects the rotor 
gimbal mode by providing an additional virtual flapping 
hinge between the gimbal and the pitch bearing. This 
effect is relatively easy to quantify for an offset coning- 
hinge configuration, but is more difficult for a flexured 
hub. This effect has not been previously investigated for 
a gimballed, stiff in-plane, flexured hub. 

For the present investigation, the WRATS 63 was 
changed from its baseline value of 63 = -15' to 63 = -45" 
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Figure 15: Off-downstop wing beam mode damping and 
frequency versus tunnel airspeed for the soft and baseline 
control system. 

using blade cuff pitch-horns and a rotating system swash- 
plate which moved the location of the pitch link with re- 
spect to the gimbal center. Figure 17 illustrates the effect 
that rotor pitch-flap coupling has on whirl-flutter stabil- 
ity. In this figure, experimental wing beam damping 
results from the WRATS model in the 63 = -45" con- 
figuration are compared to the baseline damping results 
from Fig. 12. In addition to damping, Fig. 17 presents 
the wing beam mode frequency versus tunnel airspeed 
for rotor speeds of 770 and 888 RF'M for the 63 = -45" 
configuration. Figure 18 presents the comparison of the 
baseline (63 = -15") whirl-flutter boundary in air to the 
63 = -45" boundary. These results suggest that the 
destabilizing effects of pitch-flap coupling are not signif- 
icantly affected by the flexured hub even though, when 
compared to a rigid hub, the flexured hub tends to re- 
duce the effective pitch-flap coupling due to the presence 
of the additional virtual flapping hinge. 

Effect of Test Medium on Whirl-Flutter Stability 

The effects of compressibility on WRATS whirl-flutter 
stability was investigated by testing in a heavy gas 
medium (R-134a) at a reduced pressure such that the den- 
sity of air at sea level is matched while the test medium 
speed of sound is approximately one half that of air. The 
reduced test medium speed of sound in R-134a results in a 
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Figure 16: On-downstop wing beam mode damping and 
frequency versus tunnel airspeed for the soft and baseline 
control system. 

higher Mach number at any blade radial station than that 
in an air test medium for a given rotor speed. For exam- 
ple, at 888 RPM the tip Mach number in air is 0.32 and is 
0.65 in R-134a. Since the blade airfoil lift curve slope is 
proportional to Mach number, larger blade aerodynamic 
forces result when tests are conducted in R-134a. These 
larger aerodynamic forces have a destabilizing effect on 
whirl-flutter stability. This trend is indicated in Fig. 19 
which compares WRATS wing beam mode damping in air 
(previously presented in Fig. 12) and R-134a for the on- 
downstop baseline model a t  770 and 888 RPM. Figure 19 
also presents the wing beam mode frequency versus tun- 
nel airspeed for results in R-134a. Figure 18 compares 
the baseline whirl-flutter boundary in air to the baseline 
boundary in R-134a and shows a 12 knot decrease in sta- 
bility at 770 RPM and a 35 knot decrease at 888 RPM 
for R-134a. Results indicate that testing in R-l34a, and 
thus matching full-scale tip Mach number, has a destabi- 
lizing effect, which demonstrates that whirl-flutter stabil- 
ity boundaries in air are unconservative. 

CONCLUSIONS 

The baseline whirl-flutter stability boundaries of the 
WRATS model with modified pylon properties have been 
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Figure 17: On-downstop wing beam mode damping and 
frequency versus tunnel airspeed for 63 = -45" and 63 = 
-15'. 

identified for the on- and off-downstop pylon stiffness con- 
figurations at both cruise and hover rotor speed condi- 
tions during testing at the NASA-Langley Transonic Dy- 
namics Tunnel. The use of swashplate stick stirs to excite 
the model modes of vibration greatly improved the speed 
and efficiency of whirl-flutter testing over previous meth- 
ods used at the TDT. 

A parametric study was undertaken to provide exper- 
imental data on the effect of several parameters on the 
whirl-flutter stability of the current WRATS tiltrotor 
model. This is the first parametric study of the ef- 
fect of control system stiffness and pitch-flap coupling on 
a flexured rotor hub. It is hoped that this study, on 
a well-documented aeroelastically-scaled tiltrotor model, 
will provide valuable data for stability analysis correla- 
tion and comparison to future advanced configurations. 
The following conclusions were noted: 

1. Reducing control system stiffness by more than 50 
percent did not have a significant impact on damping 
and stability of the WRATS model with a flexured, 
stiff in-plane hub for most model configurations. At 
one configuration, off-downstop and 888 RPM, the 
damping was shown to be increased by the reduc- 
tion in control system stiffness, which is contrary to 
previous analytical and experimental studies. While 
decreasing control system stiffness has been shown to 
have a significant destabilizing effect on the stability 
of a rigid hub, the results of the present study suggest 
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Figure 18: On-downstop whirl-flutter boundaries for 63 
and 

2. 

3. 

test medium variations. 

that the detrimental effect of control system stiffness 
on blade pitch-lag coupling and whirl-flutter stabil- 
ity is greatly reduced by the presence of a flexured 
hub. 

Increasing the magnitude of pitch-flap coupling from 
63 = -15" to 63 = -45" significantly reduced the 
on-downstop whirl-flutter stability boundary. These 
results suggest that the destabilizing effects of pitch- 
flap coupling are not significantly affected by the flex- 
ured hub even though, when compared to a rigid hub, 
the flexured hub tends to reduce the effective pitch- 
flap coupling due to the presence of the additional 
virtual flapping hinge of the flexure. 

Results indicate that testing in R-134a has a desta- 
bilizing effect, which demonstrates that whirl-flutter 
stability boundaries in air are unconservative. Using 
an R-134a test medium, WRATS on-downstop sta- 
bility was decreased by 12 knots at 770 RPM and by 
35 knots at 888 RPM when compared to results for 
the baseline configuration in air. Testing in heavy 
gas (R-134a) matches the full scale tip Mach num- 
ber for the WRATS model and thereby accounts for 
compressibility effects that increase the blade airfoil 
lift curve slope, which increase the destabilizing aero- 
dynamic loads generated by rotor precession. 

APPENDIX A 

ORIGIN OF PITCH-LAG COUPLING 

Blade torsion dynamics associated with pitch-lag COU- 

pling have a destabilizing effect on whirl-flutter stability 
boundaries and this effect has been shown analytically in 
Refs. 12 and 13. Blade pitch-lag coupling is affected by 
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Figure 19: On-downstop wing beam damping and fre- 
quency versus tunnel airspeed in a R-134a and air test 
medium. 

control system stiffness and rotor precone. Rotor precone 
is a design solution which alleviates the large blade root 
bending moments of a high disk loading tiltrotor by bal- 
ancing the moment due to centrifugal force and the aero- 
dynamic flapping moment under hover conditions. This 
is illustrated in Fig. 20a where Pp is the precone angle, T 

is the blade radial station, dL is the incremental blade lift, 
and 02rdm is the incremental centrifugal force. However, 
at cruise flight conditions, the blade aerodynamic flapping 
moment is greatly reduced while the moment due to cen- 
trifugal loads is reduced by a much smaller degree, which 
results in a net flap moment. This net flap moment, 
due to non-ideal precone in cruise flight, has a compo- 
nent about the blade pitch axis as the blade lags back as 
shown in Fig. 20b where d v  represents blade lag angle. 
This is the origin of positive pitch-lag coupling (lag back, 
pitch up) which is destabilizing to tiltrotor whirl flutter. 
To reduce the magnitude of the pitch-lag coupling and 
therefore improve whirl-flutter stability, the flexured hub 
is designed to allow the rotor to “flatten O U ~ ”  under cen- 
trifugal loads in cruise flight and reduce rotor coning by 
the angle Ph as shown in Fig. 20c. This reduction in ro- 
tor coning effectively reduces the torsional moment about 
the inboard blade sections for a given lag angle as shown 
in Fig. 20d and therefore reduces the blade pitch-lag cou- 
pling. 

(a) Equilibrium of blade lift and centrifugal 
forces for rigid hub 

(b) Torsion about inboard sections 
due to lag motion for rigid hub 

hub deflection +...-A 
hub plane 

(c) Equilibrium of blade lift and centrifugal forces 
for flexured hub 

outboard section 

hub plane 
control system pitch 
axis, inboard section (P, - Ph) Q2r dm - dL 

(d) Torsion about inboard sections due to lag motion 
for flexured hub 

Figure 20: Origin of blade pitch-lag coupling and the im- 
pact of a flexured hub. 
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